We report on an integrated non-degenerate narrowband photon pair source produced at 890 nm and 1320nm via type II parametric down-conversion in a periodically poled waveguide with high-reflective dielectric mirrors deposited on the waveguide end faces. The conversion spectrum consists of three clusters and only 3 to 4 longitudinal modes with about 150 MHz bandwidth in each cluster. The high conversion efficiency in the waveguide, together with the spectral clustering in the double resonator, leads to a high brightness of 3 × 10 3 pairs/(s·mW·MHz). The compact and rugged monolithic design makes the source a versatile device for various applications in quantum communication.
We report on an integrated non-degenerate narrowband photon pair source produced at 890 nm and 1320nm via type II parametric down-conversion in a periodically poled waveguide with high-reflective dielectric mirrors deposited on the waveguide end faces. The conversion spectrum consists of three clusters and only 3 to 4 longitudinal modes with about 150 MHz bandwidth in each cluster. The high conversion efficiency in the waveguide, together with the spectral clustering in the double resonator, leads to a high brightness of 3 × 10 3 pairs/(s·mW·MHz). The compact and rugged monolithic design makes the source a versatile device for various applications in quantum communication. Single photon pair sources with narrow bandwidth and long coherence time play an essential role in applications of quantum information processing; in particular for quantum key distribution [1] , long distance quantum communication [2] , and the realization of quantum networks [3] . To overcome current limitations of long distance quantum communication due to transmission losses, quantum repeater architectures have been proposed [4] [5] [6] . These typically require photon pairs with one wavelength in the telecommunication band and one wavelength that matches the absorption line of the storage medium in a quantum memory (QM) [7] [8] [9] . Such QMs usually have their absorption line in the visible or near infrared, i.e. far away from the telecommunication range, and the bandwidth is typically in the range of a few to several 100 MHz. Among the most promising materials for high-bandwidth QM's are solid-state atomic ensembles, specifically rare-earth ion doped crystals or glasses [10, 11] . For example, a Nd 3+ -doped Y 2 SiO 5 crystal has been successfully applied as an multi-mode atomic frequency comb memory with an absorption bandwidth of about 120 MHz [12] .
A well-known method to generate photon pairs is parametric down conversion (PDC) [13, 14] . In such a process, a medium with with χ (2) nonlinearity splits a single pump photon into two photons of lower energy, named the signal and the idler, obeying with energy conservation and phase matching. However, the loose phase-matching condition usually leads to a broad bandwidth typically exceeding several 100 GHz. As a result, a strong filtering is required to match the acceptance bandwidth of the QMs with the drawback of losing most of the generated photon pairs. To overcome this bottle-neck, narrowband photon-pair sources are desired with an adapted bandwidth and a high spectral brightness.
One promising approach to generate such narrowband photon pairs is to use resonance enhancement of PDC within a cavity, also called optical parametric oscillator (OPO) far below the threshold [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] . PDC is enhanced at the resonances of the cavity but inhibited at non-resonant frequencies. In this way the spectral density is redistributed in comparison to the non-resonant case and, thus, ideally a filter-free source with actively reduced bandwidth and without sacrificing the photon flux level can be realized [15] .
In most of the cavity-enhanced PDC experiments reported so far, the photon pairs were frequency degenerate or close to frequency degeneracy. Thus, within the phase-matching bandwidth a comb of narrow lines is generated with a line spacing corresponding to the free spectral range (FSR) of the resonator. In the non-degenerate case, however, the material dispersion results in different FSRs for signal and idler. As maximum enhancement is only obtained if both signal and idler are resonant simultaneously, PDC is generated only in certain regions of the spectrum, so called 'clusters' [29] . Within each cluster PDC occurs only at a few longitudinal modes. In this year the clustering approach has been applied for the first time to generate photon pairs with bandwidth of 2 MHz within 3 clusters (spaced 44 GHz) and 4 longitudinal modes inside of each cluster using a bulk crystal cavity etalon [28] .
Although a monolithic, resonant PDC source exploiting whispering gallery modes has been presented recently [27] , most of the demonstrated resonant PDC sources used bulk crystals (either PPLN or PPKTP) as the nonlinear material placed in an external resonator. However, it is well-known that PDC in a waveguide is typically 2 to 3 orders of magnitude more efficient than in bulk crystals [30, 31] due to the strong confinement of the optical fields along the whole interaction length. Obviously, the resonator approach can be transferred to waveguide structures. Moreover, if the resonator is formed by mirrors directly deposited on the waveguide end-faces, a compact and rugged design requiring no cavity alignment can be realized. Tuning of the resonance frequency can be accomplished by varying the optical path length in the waveguide, for instance by temperature tuning [32] . Initial experiments with a resonant PPLN waveguide source based on degenerate type I phase-matching have been demonstrated in [23] . A detailed theoretical study revealed that using type II phase-matching should offer a reduced number of longitudinal modes [24] . This is due to the fact that the large birefringence in this system provides a larger difference between the FSR's of the signal and the idler fields. Moreover, in this study it was pointed out that an optimized performance of such a resonant source must carefully take into consideration waveguide losses and resonator outcoupling efficiency to select design parameters like waveguide length or mirror reflectivities.
In this Letter, we present the first experimental realization of such an integrated compact photon pair source based on a doubly resonant waveguide exploiting type II phase-matching. The detailed structure of the integrated waveguide chip is shown in Fig. 1 . The source consists of a 14.5 mm long Ti-indiffused waveguide in Z-cut PPLN. The poling period of Λ =4.44 µm was chosen to provide first-order type II phase-matched PDC to generate TE-polarized signal photons around 890 nm and TM-polarized photons around 1320 nm when pumped at λ p =532 nm in TE-polarization. This wavelength combination was chosen to fit to the Nd-based QM [12] .
Waveguide losses have been measured to be α s ≈ 0.05 dB/cm and α i ≈ 0.06 dB/cm for signal and idler, respectively. To implement the resonant source dielectric layers composed of alternating layer stacks of SiO 2 and TiO 2 were deposited on the end-faces of the waveguide. Based on the design rules given in [24] the resonator was modeled with a finesse exceeding 20 in order to provide the spectral narrowing. This could be best realized with an asymmetric resonator with high reflectivities for signal and idler at the front mirror and reflectivities around 90 % for the rear mirror (outcoupling mirror). With this asymmetry of the mirror reflectivities, the ratio of outcoupled signal (idler) photons to lost photons before escaping this cavity is about η s ≈ 0.41 (η i ≈ 0.37), respec- tively. Thus, the overall photon pair escape probability is given as η pp = η s η i , which means about 15% of the generated photon pairs leave the cavity as couples at the desired output mirror. In practice, a stack with 17 layers deposited as front mirror provides a reflectivity of R ≈ 99% for both wavelengths and the rear mirror consisting of 13 layers has the targeted R ≈ 90%. The reflectivities of front and rear mirrors at 532 nm are 38% and 8%, respectively, to enable efficient incoupling of pump and to prevent triple resonance effects. After mirror deposition the resonator was characterized carefully by launching appropriate narrowband light into the waveguide and monitoring the transmission while varying the cavity length via temperature tuning. We obtained a finesse of F = 22 and F = 25 for the signal and idler wavelengths, respectively.
The experimental setup to study the resonant source is shown in Fig. 2 . The sample is always pumped with a laser at 532 nm with a specified bandwidth of less than 1 MHz. To avoid the effects of photorefraction, pump pulses with a typical length of about 200 ns and a repetition rate of about 100 kHz are extracted from the cwsource by using an acousto-optical modulator (AOM). By using a half wave plate (HWP) together with a polarizer, the pump power is tunable from 0.1 mW to 10 mW. The sample is heated to temperatures around 160
• C to obtain quasi-phase-matching for the desired wavelength combination and to prevent luminescence and deterioration due to photorefraction. During the measurements the sample temperature is stabilized to about ±1 mK. To characterize the generated PDC in the signal wavelength range the output from the waveguide is coupled to a spectrometer system (Andor Shamrock 303i with iKon-M 934 CCD camera) with a resolution of about 0.15 nm. In Fig. 3 recorded PDC spectra of one waveguide prior and after mirror deposition are shown. The spectrum of the uncoated waveguide shows a main peak with a bandwidth (FWHM) of 0.4 nm (≈ 151 GHz), as predicted for the 14.5 mm long interaction length. The spectra of the same waveguide with dielectric mirrors, however, shows a pronounced sub-structure. Although the resolution of the spectrometer is too coarse to reveal details of the spectra, one can already derive that the pair generation occurs within three clusters with a cluster separation of about 0.2 nm (≈ 75 GHz). This separation is determined by the difference of the FSRs of signal and idler, which theoretically are FSR s ∼ 4.4 GHz and FSR i ∼ 4.7 GHz [24, 33] . The cluster separation is half of the bandwidth of the PDC envelope. Ideally, there is a dominant cluster in the the central of normalized phase-matching, and another two symmetric clusters at the side wings of the envelope with about 41% intensity. Thus, three clusters can be observed within this envelope with a strong temperature dependence as verified by comparing the two spectra shown in Fig. 3 with only 30 mK temperature difference.
Moreover, these measurements are already a proof of resonance enhancement as can be easily seen by comparing the spectra of the same waveguide before coating and after coating shown in Fig. 3 . For the measurements, all of the parameters, apart from the temperature, have been kept constant. In particular, the pump power about 1 mW in front of the incoupling lens has not been changed. If the cavity of the resonant sample only act as a narrowband filter, the overall level of the PDC measured with the spectrometer should have dropped signif- 8 2.0 2.2 2.4 2.6 2.8 3.0 3.2 3.4 icantly, caused by the integration over 0.15 nm, which is performed by the spectrometer due to its limited resolution. However, as the detected power levels are almost identical for the resonant and the non-resonant sample, we can conclude that due to the cavity there is a spectral density redistribution resulting in an enhanced PDC generation at the cavity resonances.
To investigate details of the spectra of the resonant source we studied the internal structure within a single cluster. A volume Bragg grating (VBG, OptiGrate 900) with a spectral bandwidth of 0.17 nm is inserted into the signal beam path as shown in Fig. 2 to act as bandpass filter to select a single cluster. The filtered light is routed via a single mode fiber to a scanning confocal FabryPérot resonator with 15 GHz FSR and a finesse of about 20. Its transmission is analyzed using a single photon detection module (Perkin Elmer Avalanche photodiode SPCM-AQR-14) to record the signal photons transmitted from the Fabry-Pérot which is tuned by applying a voltage ramp to the piezo-driven mirror mount.
Corresponding measurement results are shown in Fig. 4 , they reveal the modal structure within a single cluster. The spectrum consists of longitudinal modes with 4.5 GHz frequency separation. By finely tuning the temperature, we are able to suppress the two 'satellite' modes, leaving a predominantly single mode operationas in the upper case of Fig. 4 . A slight shift of the temperature by less than 6 mK leads to a spectrum composed of two modes with almost equal strength surrounded by weak additional satellite modes. The measured linewidth of each longitudinal mode of about 750 MHz is mainly determined by the resolution of the scanning Fabry-Pérot resonator, but it is not the natural bandwidth of the generated PDC photons.
To investigate the spectral linewidth of the photons and the correlation between photon pairs, coincidences between signal and idler have been characterized by measuring the arrival times of the respective photons with the set-up shown in Fig. 2 . In the left diagram of Fig. 5 , the results from such a measurement are shown. It reveals a correlation time (FWHM of the coincidence peak) of about 2.1 ns. This is significantly broader than the corresponding results obtained with non-resonant samples showing a width of about 0.5 ns, which is determined by the finite resolution of our measurements system, due to timing jitters of the detection system. The correlation time is inversely proportional to the bandwidth of the down-conversion fields. From the measured correlation time τ coh of 2.1 ns, according to τ coh = 1/π∆ν, where ∆ν is the bandwidth of the down-converted photons, a spectral bandwidth of about 150 MHz can be deduced. This is in good accordance with the theoretically predicted width of the resonances calculated for the given cavity parameters.
The presence of the cavity implies that the signal and idler photons may be emitted at distinct times, corresponding to a different number of round-trips within the cavity. Thus, the shape of the coincidence curve should be determined by exponential functions. In the right diagram of Fig. 5 the measurement result is re-drawn using a logarithmic scaling together with exponential fits for the rising and falling parts. The slight asymmetry reflects the different finesses of signal and idler resulting in slightly different leakage times out of the resonator.
Such coincidence measurements can also be evaluated to determine the efficiency of the PDC generation process [34] . From the ratio of the coincidence to single counts the generated photon pair rate can be determined. We found that this generation rate is almost equal for both the non-resonant and resonant waveguides. In the resonant case, however, the spectral distribution is strongly confined to only a few longitudinal modes, whereas in the non-resonant case it is distributed over the entire phase-matching bandwidth. For our source we determined a normalized generation rate (inside the resonator) of about 7 × 10 6 pairs/(s·mW). Assuming these are distributed over three inequivalent clusters with three longitudinal modes with different weights within each cluster as shown in Fig. 4 , we can estimate that about 39% of the generated photon pairs are within the most dominant longitudinal mode with 150 MHz bandwidth. Taking into account the photon pair escape probability of 15 %, the spectral brightness can be estimated to be B = 3 × 10 3 pairs/(s·mW·MHz). An alternative method to characterize the spectral properties of the source is the analysis of the autocorrelation Glauber function g (2) (τ ) [36] . The number of effective modes K can be estimated from the normalized auto-correlation function at zero time delay according to g (2) (0) = 1 + 1/K [35, 37] . We have measured the signal-signal autocorrelation by splitting the signal radiation behind behind the VBG (i.e. a single cluster was selected) using a 50:50 single mode fiber coupler (SMFC) and routing the two output ports of the SMFC to individual silicon single photon detectors.
An example of a measured g (2) (τ ) characteristic is shown in Fig. 6 . Around zero time delay g (2) strongly exceeds 1 proving the generation of non-classical light. It is shown that from the measured data g (2) (0) ≈ 1.4. As a result, an effective mode number of filtered signal beam K = 2.5 can be estimated. On the other hand, the auto-correlation is only constant for the idler unfiltered beam. This is in reasonably good qualitative agreement with the measured spectra shown in Fig. 4 , where we observed three modes (with different amplitudes) within a single cluster. A refined theoretical model would be necessary to study quantitatively the relationship between g (2) (τ ) and the observed spectra. In summary, we have experimentally demonstrated a compact, bright and narrowband photon pair source by exploiting clustering in a doubly resonant Ti:PPLN waveguide. In the type II phase-matched, nondegenerate PDC source photon pairs are generated with one photon matching the absorption line of a Nd-based QM, and the wavelength of the idler photon (around 1320 nm) is compatible for long distance transmission over standard telecom fibers. Although the measured bandwidth of about 150 MHz is still about two orders of magnitude larger than the bandwidth demonstrated with bulk optical versions [28] , the compact and rugged design and the large brightness of about 3 × 10 3 pairs/(s·mW·MHz) makes this device a versatile source for various quantum applications. In particular, it has a great potential if an ultimate narrow bandwidth is not required. Beyond further fundamental studies and work on technological improvements, future activities can focus on the development of pure, filter-free tunable single mode sources using pulsed light. One can exploit the use of the cluster effect together with a double-pass pumping scheme to restrict PDC generation to only a single cluster [26] . Further improvement of the resonator quality might enable the restriction to, ultimately, a single longitudinal mode, which can further be tuned via a monolithicly integrated electro-optic modulator.
